Abstract-The spatial and temporal variations of algae within a large drinking water reservoir with mesotro phy (Panjiakou Reservoir, Northern China) were investigated in relation to variations in environmental fac tors over a 6 month period (May to October) in 2013 and 2014. The analysis based on in situ samples upstream to downstream (Puhekou, Jiajia'an, Yanziyu Panjiakou and Baqian) showed that three harmful algae species of Cyanophyta, Chlorophyta and Bacillariophyta prevail in the reservoir. The variations in algal concentrations presented a seasonal cycle with high values in the flood season and low values in the drought season and a spatial concentration in main water storage area of the reservoir. Compared with the environ mental factors of pH value, permanganate index, ammonia nitrogen and total nitrogen, water temperature, dissolved oxygen content and total phosphorus were significant related to algae concentrations with correla tion coefficients of 0.76, 0.62 and 0.85, respectively. The impact analysis of three factors on prevailing algae species indicated that Chlorophyta was the main contributor to the algal photosynthesis of the Panjiakou Res ervoir. An extremely high value of algal concentrations with little variety in August 2013 revealed that pollu tion carried by tremendous runoff may induce algae blooms later.
INTRODUCTION
Water is the most important limiting factor in regional development, and water shortages are likely to be exacerbated by increasing population, deterio rating soil and poor water quality [10] . Recently, the construction of reservoirs has become the main method for reducing water scarcity, especially for the shortage of urban water resources [15] . For example, in China, nearly 90 thousand reservoirs with a capacity of more than 700 billion m 3 of water secure the drink ing water sources of the country [19] . However, the abnormal growth of algae is incident to reservoir water compared with river type sourced water [6, 28, 29, 35] . Harmful algae blooms (HAB) causing eutrophi cation have been recognized as an emerging issue in the deterioration of the water quality of reservoirs, causing human health problems for communities that depend on reservoirs for drinking water resources [12] [13] [14] 23] . Furthermore, the toxins of algae can also accumulate in aquatic foods, such as fish, shrimp and shellfish [11] . Algal bloom induced deterioration in water quality has become one of the major issues for 1 The article is published in the original. reservoir management, attracting intensive research concerns [16] . Hence, an understanding of the spa tiotemporal variability of algae is important for safe guarding the water resources of reservoirs.
HAB are regarded as a reliable and accurate indica tor for assessing eutrophication. For the disadvantage of indirect estimation and poor accuracy of other monitoring methods (e.g., remote sensing technol ogy) [11] , field and laboratory studies are still the most widely used method for aquatic HAB monitoring [26] . Numerous studies have focused on HAB concentra tion and the trophic conditions of inland water, such as lakes and reservoirs [21, 22, 24, 29] . The objectives of most studies are developing effective HAB monitor ing models or evaluating the aquatic eutrophication status of polluted water bodies. However, as an active factor among phytoplankton and the primary pro ducer of aquatic organisms, HAB is highly correlated with different phytoplankton communities and physic chemical properties of water including tem perature, dissolved oxygen (DO), pH, transparency and nutrient concentrations [25, 27, 31] . Hence, exploring the spatiotemporal variability of algae maybe more significant for the study and management of reservoir eutrophication. Additionally, in China, the emphasis of most studies is on the occurrence of HAB in eutrophic water bodies, e.g., Tai Lake and Tien Lake [9, 24] . The spatiotemporal variability of HAB in oligotrophic and mesotrophic drinking water reservoirs, which could become a threat to drinking water supplies, has often been ignored.
The Panjiakou Reservoir, a large reservoir with a maximum depth of approximately 80 m, is the major surface drinking water source for Tianjin (a city of nearly 15 million people) and downstream cities of China, and it has been maintained in the mesotrophic state through a set of strict environmental protection measures. However, Chlorella and cyanobacteria have bloomed repeatedly in the source water taken from this reservoir in recent years of eutrophication [5] . The state of eutrophication the reservoir system makes it important to implement a management plan for con trolling HAB. In this paper, an algae survey of the Pan jiakou Reservoir was performed over a period from 2013 to 2014 to investigate the spatiotemporal varia tions of the algal community and the impacts of envi ronmental conditions (water temperature, pH value, etc.) on the algal variations. The results of the study could assist decision makers in managing water quality related issues in the Panjiakou Reservoir and other similar drinking water reservoirs in Northern China.
MATERIALS AND METHODS

Study Area
The Panjiakou Reservoir, located in Hebei Prov ince of Northern China, was built at the outlet of the mountainous region of the Luanhe River Basin, which is part of the Haihe River Basin (the fourth basin of China) ( The dam sits at the head of a 33700 km 2 catchment area which constitutes 75% of the Luan River basin. The average annual runoff of the upstream dam is 2.45 billion km 3 , which accounts for 53% of the Luan River basin. As a main composition of the "Luan River to Tianjin Water Diversion Project," the primary pur pose of the Panjiakou reservoir is to provide water for the industrial, agricultural and municipal needs of the cities of Tianjin and Tangshan.
The Luanhe River basin covers various land use types, including cropland, urban land, forest, grass land, etc. Cropland, which accounts for 21% of the Luanhe River basin, mainly consists of corn produc tion. Cropland has a significant impact on the HAB in reservoir water, because of the nitrogen and phospho rus runoff according to the amount of fertilizers used [7] . Although urban land only accounts for less 1% of the area of the Luanhe River basin, the cities upstream of the reservoir (e.g., Chengde) are another major source of nutrients to the reservoir through their untreated domestic and industrial sewage that enters the river. Furthermore, the decline in water resources upstream of the reservoir worsens the water quality of the reservoir. The mean rainfall upstream of the Pan jiakou Reservoir in the past 20 years (1984-2003) has decreased generally compared with the mean level in the previous 28 years (1956-1983) . The mean dis charge has decreased generally, and the multi year mean volume of the reservoir has reduced distinctively.
In the last decade (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) , the mean annual inflow of discharge was reduced by 825 million m 3 compared with that in the previous 28 years [32] . According to the report on the state of reservoir water eutrophication as specified in the Haihe River Basin Water Resource Quality Bulletin from 2009 to 2012 and the classification of eutrophication statuses speci fied in the Environment Quality Standards for Surface Water (GB3838-2002), the water quality of the Pan jiakou Reservoir was classified as Class II to III, where Class I marks the best water quality. With a trend of aggravation in recent years, the eutrophication has mainly been of a medium to slight eutrophication sta tus [12] [13] [14] .
Sample Collection and Analysis
An algal survey of the Panjiakou Reservoir was per formed once a month during May to October in 2013 and 2014. Water samples were collected from five sta tions on the main rivers providing water to the reser voirs and within the reservoirs. In the process of field monitoring and water sampling, the altitude and lon gitude of the sampling points were collected by GPS (Fig. 1) . The five sampling sites of in situ algal mea surements were located in Puhekou, Jiajia'an, Yan ziyu, Panjiakou and Baqian, where Puhekou, Yanziyu and Baqian were considered as the typical sections of the areas upstream, midstream and downstream of the reservoir respectively [17] . For monitoring the struc ture of algal communities, the prevailing communities and the density of cells of various species of algae, water samples (2.5 L volume) were collected at three water layers, comprising the surface layer and depths of 15 and 30 m below the surface, to represent the ver tical differences. These samples were stored in a cooler with ice in the dark and taken back to the laboratory for an analysis of water quality variables within 6 h. The algae was quantified and classified according to [8] . To quantify the phytoplankton, 1 L water samples 0.5 m below the water surface was fixed with 15 mL of Lugol's solution. After settling for 24 h, the samples were concentrated to 30 mL for phytoplankton quan tification. To quantify the phytoplankton, we dragged a #25# phytoplankton net in a shape of "∞" at a rate of 20-30 cm/s underwater for approximately 3 min. Then, we lifted the net and turned the screw button underneath the net so that the samples flowed into the storage bottle, adding a small amount of water for flushing and 2~3 mL formalin for fixation. Other water quality variables including total phosphorus (TP), total nitrogen (TN), ammonia nitrogen and per manganates were also measured [20] . The YSI 6600 portable water quality monitoring instrument was also adopted within a depth of 30 m underwater. Measure ments were taken at vertical intervals of 2-3 m. The measurement interval was shortened to 1-2 m where water temperature fluctuated dramatically. Meanwhile, water temperature and pH value were also measured.
Statistical Analysis
For the purposes of analyzing the spatiotemporal distribution of algae and examining the association between algal concentration and environmental fac tors in the Panjiakou Reservoir, a typical reservoir in Northern China, our study was divided into two parts: spatiotemporal algal variability analysis and correla tion analysis. Based on in situ measurements, the spa tiotemporal algal variability of prevailing algae species communities and the spatial and temporal distribution of algae were analyzed, with respect to the water qual ity conditions of the reservoir. A correlation analysis was conducted between algal concentration and seven environmental factors (water temperature, pH value, DO, permanganate index, ammonia nitrogen, TP and TN), which can be used to investigate the variation in algae. All statistical analyses were conducted in Statis tical Product and Service Solutions (SPSS) at a level of significance of α = 0.05. The flowchart of the anal ysis process is illustrated in Fig. 2 .
RESULTS
Spatio Temporal Variation of Algal Concentrations Prevailing Algae Species Distribution
The algal communities in the Panjiakou Reservoir consist of 7 phyla (Cyanophyta, Chlorophyta, Chlo rophyta, Dinophyta, Cryptophyta, Bacillariophyta, Chrysophyta, Euglenophyta), which include 42 algal genera in 23 algal families. In situ measurements showed that algal concentrations ranged from 111.8 × 10 4 to 3600 × 10 4 cells/L. As shown in Fig. 3 , the pre vailing species of the Panjiakou Reservoir are Cyano phyta, Chlorophyta and Bacillariophyta. The bloom ing of these three algae can deteriorate inland water quality by eutrophication [33] . It was clearly seen that the upstream and midstream areas (see sampling sites of Puhekou in Fig. 3a , Jiajia'an in Fig. 3b and Yanziyu in Fig. 3c ) include more Chlorophyta and Bacillario phyta than the downstream area. Additionally, two other algae species of Chrysophyta and Dinophyta, which are also fatal algae categories for eutrophica tion, slightly prevail in upstream [4] .
The in situ measurements also showed that Crypto phyta, Cyclotella and Bacillariophyta, which were the prevailing algae upstream of the reservoir in spring, were more adaptable to low water temperature. Meanwhile, Chlorophyta and Cyanophyta were more adaptable to high water temperature, which prevailed downstream of the reservoir in summer. Temporally, Cyanophyta bloomed in August and September, accounting for more than 97% of the algal concentrations in 2013. In other months, the prevailing species of Cyanophyta and Chlorophyta accounted for 20 to 40% of algal concen trations. On the contrary, another prevailing algae of Bacillariophyta bloomed in spring and faded in sum mer, which made Cyanophyta and Chlorophyta again the only two prevalent algae species in summer [1, 30] .
Temporal Patterns of Algal Concentrations
As shown in Table 1 , the algal concentrations of the Panjiakou Reservoir ranged from 827 × 10 4 to 1899 × 10 4 cells/L. The time series variation of the five sam pling sites is also shown in Fig. 4 . The time series curves of algal concentrations clearly displayed a cycle of intra annual variability. Algal concentrations began to increase in spring and declined to a minimum in autumn, reaching a maximum in summer. This is con sistent with the seasonal blooming cycle of the prevail ing algae species of Cyanophyta and Chlorophyta [3] . By considering the climate periodicity of the Luanhe River basin, the algal concentration time series reached a peak during the flood season (July to September) and fell into the trough in drought season (October to (Fig. 5 ). As shown in Fig. 1 , the Panjiakou samples with the highest algal concentra tions were located in the main storage area of the res ervoir with a slow water current. The slow current brought less pollution downstream, so the algal con centrations of Baqian were comparatively low with only 60% of that of Panjiakou. The spatial distribution of algal concentration along the reaches revealed that water flow was significant for reservoir eutrophication. August 2013 is also an outlier, as shown in Fig. 5 , where the algal concentrations were steadily high with a slight increasing trend along the reaches. Because increased water flow brought more pollution from the main area of reservoir downstream, the concentra tions of algae in Baqian were higher than in Panjiakou.
This indicated that the rapidly carried pollution to the reservoir by runoff after rainstorms is fatal to reservoir eutrophication, which was more significant down stream in the severe flooding period [2] .
Correlations between Algae Concentration and Environment Factors
To analyse the variability of algal concentration of the Panjiakou Reservoir, seven environmental factors of water temperature, pH value, DO, permanganate index, ammonia nitrogen, TP and TN were used in this section [20] . The seven environmental factors are standards for water quality evaluation in China ( Table 2 ). The water temperature of the study area var ied seasonally, with a high of 24-25°C in July and a low of 18°C in October. The pH value of samples ranged from 7.2 to 8.8, which was within the limits as shown in Table 2 Table 3 shows the correlations between algal con centrations and seven environmental factors. The results showed that water temperature, DO content and TP are highly correlated with algal concentrations with correlation coefficients (r) of 0.76, 0.625 and 0.852, respectively. Because TP had significant corre lation (r = 0.852) to algal concentrations of the reser voir, algal grows rapidly with increasing concentra tions of phosphorus during its growth period (May to August). Further analysis of Bacillariophyta, Chloro phyta and Cyanophyta (Fig. 3) , the main prevailing components of the phytoplankton, showed different correlations with aquatic environmental factors. Bacillariophyta concentrations were positively corre lated with water temperature (r = 0.878) and positively correlated with TP concentrations (r = 0.851). This indicates that Bacillariophyta grew seasonally with variations in water temperature in addition to the influence of low TP concentrations. Chlorophyta was significantly positively correlated with DO concentra tion (r = 0.872), which indicates that Chlorophyta was the main contributor to the algal photosynthesis of the Panjiakou Reservoir [18, 34] . The pH value is also a significant factor for Chlorophyta with an exponential correlation coefficient of 0.871. The Cyanophyta con centration was exponentially correlated with water temperature (r = 0.868), which indicated that water temperature was the major factor for the variation in Cyanophyta.
DISCUSSION AND CONCLUSIONS
The Panjiakou Reservoir is a typical source of drinking water in Northern China, and it experiences problems with eutrophication related to phosphorus input [7] . In this study, we analysed the spatial and temporal variability of algae and the relationship with seven environmental factors over the reservoir during 2013 and 2014. Cyanophyta, Chlorophyta and Bacil lariophyta are three prevailing algae species, and they are harmful for eutrophication of reservoir. Whereas Bacillariophyta prevailed in spring, Cyanophyta and Chlorophyta thrived in summer and autumn, accounting for 44.8 to 75.3% and 13 to 26.2% of algal concentrations, respectively. The algal concentrations of the Panjiakou Reservoir exhibit a seasonal cycle; they are high during the flood season and low in the drought season. The spatial variability analysis showed that algae concentrated in the main water storage area of the reservoir with lower concentrations down stream. We propose that this is due to the transporta tion of water flow. The extremely high values of algal concentrations with little variety in August 2013 revealed that tremendous runoff carrying emissions of may induce algae blooms later.
Although the seven aquatic environmental factors of water temperature, pH value, DO, permanganate index, ammonia nitrogen, TP and TN are significant for water quality, their impacts on algal concentrations differ. A correlation analysis showed that water tem perature, DO content and TP were significantly corre lated with algal growth. The correlation coefficient between algal concentrations and TP is 0.852, indicat ing that annual phosphorus loads was the major cause of eutrophication of the reservoir. The prevailing algae species of Bacillariophyta and Cyanophyta were sig nificant correlated with water temperature with corre lation coefficients of 0.878 and 0.868, respectively. On the other hand, another prevailing algae species of Chlorophyta was significant correlated with DO con centration (r = 0.872), indicating that Chlorophyta was the main contributor to the algal photosynthesis of the Panjiakou Reservoir.
This study revealed that the main source of algae in the Panjiakou Reservoir maybe the load from the Luanhe basin due to a combination of runoff from agri cultural lands and untreated sewage from upstream cit ies and rural villages. The inherent growth cycle of algae is also an important factor that made the algal concen trations exhibit seasonal variability. The study can therefore be used to guide strategies for eutrophication mitigation of water source areas in Northern China and hence can provide fundamental support to studies on the aquatic ecological issues of water source areas. 
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